Cardiomyocytes derived from pluripotent stem cells can be applied in drug testing, disease modeling and cellbased therapy. However, without procardiogenic growth factors, the efficiency of cardiomyogenesis from pluripotent stem cells is usually low and the resulting cardiomyocyte population is heterogeneous. Here, we demonstrate that induced pluripotent stem cells (iPSCs) can be derived from murine ventricular myocytes (VMs), and consistent with other reports of iPSCs derived from various somatic cell types, VM-derived iPSCs (ViPSCs) exhibit a markedly higher propensity to spontaneously differentiate into beating cardiomyocytes as compared to genetically matched embryonic stem cells (ESCs) or iPSCs derived from tail-tip fibroblasts. Strikingly, the majority of ViPSC-derived cardiomyocytes display a ventricular phenotype. The enhanced ventricular myogenesis in ViPSCs is mediated via increased numbers of cardiovascular progenitors at early stages of differentiation. In order to investigate the mechanism of enhanced ventricular myogenesis from ViPSCs, we performed global gene expression and DNA methylation analysis, which revealed a distinct epigenetic signature that may be involved in specifying the VM fate in pluripotent stem cells.
Introduction
Embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) [1] , as well as the direct reprogramming of fibroblasts into cardiomyocytes [2, 3] , are potential sources of cardiomyocytes for drug testing, disease modeling and cell-based therapy. However, a number of critical factors need to be addressed before these innovations can be translated practically. For instance, can they efficiently produce adequate numbers of functionally beating cardiomyocytes for clinical testing? It is estimated that a billion myocytes are lost after a myocardial infarction [4] , and while pluripotent stem cells have been used to produce cardiomyocytes for small-scale in vivo animal studies, the production of cardiomyocytes from pluripotent stem cells or by direct reprogramming methods is generally inefficient and the yields are typically low [2, 3, 5, 6] . Neither pluripotent stem cells nor direct reprogramming methods address another critical issue, which is the need to generate chamber-specific cardiomyocytes. Pacemaker, atrial, and ventricular myocytes (VMs) have distinct functional and electrophysiological properties that may contribute to cardiac arrhythmias in the wrong environment [7, 8] yield a heterogeneous population of cardiomyocytes of which only 30% -70% are VMs [9, 10] , and methods of purifying VMs from a population of stem cell-derived cardiomyocytes remain to be established. These issues underscore the need to better understand the molecular pathways that govern the specification of VMs from pluripotent stem cells. It has been demonstrated that iPSCs derived from different somatic cell types retain an epigenetic memory of the starting cell type that confers a tendency to redifferentiate back to their parental cell types [11] [12] [13] [14] [15] . These results prompted us to consider whether ventricular cardiomyocyte-derived iPSCs might serve as a source of VMs. Here, we report the derivation and characterization of iPSCs from VMs (ViPSCs). ViPSCs exhibited a dramatically increased propensity to form cardiovascular progenitors and differentiate into functionally beating cardiomyocytes. Interestingly, stem cell "memory" in ViPSCs also directs differentiation towards the VM phenotype. Global gene expression and DNA methylation analysis of ViPSCs reveal a unique transcriptional and epigenetic signature that likely plays a key role in ventricular myogenesis from pluripotent stem cells. The ability to derive large numbers of chamber-specific VMs from pluripotent stem cells would address critical issues in the advancement of cardiomyocyte replacement therapy for heart disease.
Results

Generation of iPSCs from VMs
In order to eliminate the potentially confounding effects of varying integration sites of the reprogramming transgenes, we generated genetically matched iPSCs starting from VMs and tail-tip fibroblasts (TTFs) using a conditional reprogramming system ( Figure 1A ) [16, 17] . We isolated cardiac fibroblasts from neonatal pups with the compound genotype Mlc2v
Cre/+ ; Rosa26 floxYFP/rtTA ;
TgMef2c-AHF-dsRed. The Mlc2v
Cre knock-in allele [18] and a Cre-dependent conditional Rosa26 floxYFP reporter allele (with a loxP-flanked stop signal before the yellow fluorescent protein (YFP) cDNA) [19] specifically and permanently label ventricular cardiomyocytes with YFP ( Figure 1B) . The Rosa26 rtTA knock-in allele constitutively expresses rtTA, which encodes the transactivator for the doxycycline-inducible promoter [20] . Finally, the Mef2c-AHF-dsRed transgene labels Islet-1 + cardiovascular progenitors of the anterior heart field (AHF) and their descendants (primarily the right ventricle and cardiac outflow tract) with dsRed ( Figure 1B) [21, 22] .
We derived primary iPSC clones by transducing the cardiac fibroblasts with lentiviruses that express the reprogramming factors Klf4, Oct3/4, Sox2, and Myc under the control of a doxycycline-inducible promoter. After injection into wild-type blastocysts, the primary iPSC clones rendered chimeric postnatal pups. Analysis of chimeras revealed that iPSC derivatives were YFP + in the cardiac ventricles and dsRed + in AHF-derived structures, indicating that the double reporter system retained their activity upon reprogramming to iPSCs ( Figure 1C) . From a single chimeric postnatal pup, YFP-positive VMs as well as TTFs (YFP-negative; Figure 1D ) were isolated and replated on a mouse embryonic fibroblast (MEF) feeder cell layer under ESC conditions with doxycycline to generate secondary iPSCs from VM and TTF. Within 2 weeks, cells with an ESC-like morphology emerged ( Figure 1E ).
Colonies that maintained an ESC-like morphology in the absence of doxycycline were picked and expanded. Gene expression analysis demonstrated that ESC-like colonies from both VM (ViPSC) and TTF (TiPSC) expressed levels of Nanog, Oct3/4 (Pou5f1), and Sox2 that were comparable to mouse ESCs (Supplementary information, Figure S1A ). These colonies displayed alkaline phosphatase activity and also demonstrated the expression of SSEA1, Nanog, and Oct4 by immunofluorescence (Supplementary information, Figure S1B and S1C). When grafted under the kidney capsules of the NOD/SCID immunodeficient mice, ESC-like colonies from both VM and TTF differentiated into teratomas containing all three germ layers (Supplementary information, Figure S1D ). Of the multiple lines of ViPSCs and TiPSCs with the correct karyotype, six of each were randomly selected for further analysis as well as six de novo ESC lines from transgenic blastocysts with the Mlc2v
ViPSCs have a tendency to contribute to the heart upon blastocyst injection in vivo
We examined the developmental potential of ViPSCs, TiPSCs, and ESCs in vivo by injecting them into 2n blastocysts for chimera formation and examined embryos at embryonic day 13.5 (E13.5). While ViPSCs were already YFP + , TiPSCs and ESCs were YFP − and not readily visible. To visualize the descendents of injected TiPSCs and ESCs in the chimeras, we irreversibly activated the expression of YFP from the Rosa26 floxYFP allele by transient expression of an exogenous Cre in the injected cells. Chimeric embryos were obtained from all tested ViPSC lines and TiPSC lines. Interestingly, we observed that the pattern of ESC/iPSC contribution to the chimeras could be categorized into three types (Figure 2A and 2B ): type 1 chimeras demonstrated a relatively broad and even pattern of chimeric contribution; type 2 chimeras demonstrated a disproportionally high contribution to the heart; and type 3 embryos demonstrated a relatively poor chimeric contribution in general. In contrast to the chimeras from ESCs (3 out of 12, or 25%) and TiPSCs (0 out of 24), more than half of the chimeras (10 out of 19, 53%) from ViPSCs were of type 2, in which the contribution of the iPSCs were concentrated in the heart. The distribution pattern of the various chimera types is significantly different between the chimeras from ViPSCs and those Figure S2A ). This was also consistent when monitoring expression levels of the cardiomyocyte marker, cardiac Troponin T (cTnT), along the time course of EB differentiation (Supplementary information, Figure S2B ). By immunofluorescence, cells from day 14 EBs stained positive for cTnT in a sarcomere-like pattern ( Figure 2C ).
We quantified the yield of cardiomyocytes by performing intracellular fluorescence-activated cell sorting (FACS) using an antibody against cTnT. On day 14, ViPSCs yielded a significantly higher percentage of cTnT + cells (6.9%, average of six lines) than ESCs (1.7%, average of six lines) or TiPSCs (0.9%, average of six lines) ( Figure 2D ). Furthermore, higher expression levels of cardiogenic genes were detected in EBs from ViPSCs (Supplementary information, Figure S2C ). EB aggregates may not be optimal for the generation and maintenance of large numbers of beating cardiomyocytes [23] ; thus, we dissociated day 7 EBs into individual cells and then cultured them for another week to simulate monolayer culture conditions. With this protocol, ViPSCs yielded ~30 -40% cardiomyocytes -an increase of more than 10-fold compared to TiPSCs or ESCs ( Figure 2E ). These results suggest that cardiomyocyte-derived iPSCs retain memory of their starting cell type.
ViPSCs are highly ventriculomyogenic
ESCs and iPSCs differentiate into a heterogeneous mixture of atrial, nodal, and ventricular cardiomyocytes that display distinct functional and electrophysiological properties [9] . Since ViPSCs were derived from VMs, we wondered whether ViPSCs also had a predilection for differentiating specifically into VMs. We performed double immunostaining on differentiated ViPSCs, TiPSCs, and ESCs with a cTnI antibody that recognizes both atrial myocytes and VMs and an Mlc2v antibody that specifically recognizes VMs ( Figure 3A ). In all, 92% (average of six lines, with four lines > 90% and the maximum 99.5%) of the cTnI + cardiomyocytes derived from ViPSCs also stained with the VM marker Mlc2v, while the percentage of cardiomyocytes that stained with Mlc2v was significantly lower for ESCs (59%, average of six lines) and TiPSCs (62%, average of six lines; Figure 3B ). Furthermore, gene expression analysis performed on the FACS-purified cTnT + fraction from ViPSCs demonstrated a 55% higher Mlc2v/cTnT ratio of gene expression than the cTnT + fractions from TiPSCs or ESCs ( Figure 3C ). Finally, patch clamp recordings demonstrated that 94% (15 out of 16 recordings) of ac- The pattern of ESC/iPSC contribution to the chimeras could be classified into three types: type 1 chimeras demonstrated an overall ≥ 50% contribution to the entire chimera and a similar contribution to the heart; type 2 chimeras demonstrated a < 50% contribution overall but a much higher contribution to the heart; and type 3 embryos that demonstrated a < 50% contribution overall with an equal or lesser contribution to the heart. Scale bar, 2 mm. (B) Tabulation of the patterns of contribution of ViPSCs, TiPSCs, and ESCs to mouse chimeras in A. More than half of ViPSCs displayed a restricted contribution to the chimeric hearta pattern of contribution that was not observed with TiPSCs. (C) cTnT immunostaining of cardiomyocytes derived from ESCs, ViPSCs, and TiPSCs. Nuclei were stained with DAPI. Insets show the striated pattern of cTnT (insets tion potentials recorded from the beating cells differentiated from six ViPSC lines were of ventricular type with a rapid upstroke, distinct plateau phase, and stable resting membrane potential ( Figure 3D ) [24] [25] [26] . Furthermore, action potentials of ventricular type were also prevalent when it came to individual ViPSC lines, with cardio- myocytes from 83% (five out of six lines) of the lines displaying action potentials exclusively of ventricular type ( Figure 3E ). These data suggest that "memory" in ViPSCs extends to the VM lineage.
Enhanced generation of cardiovascular progenitors in ViPSCs
Cardiomyocytes are derived from multipotent cardiovascular progenitors, such as those marked by the expression of Islet-1 or Nkx2.5, that become progressively lineage restricted before terminally differentiating to the cardiomyocyte fate [22, 27, 28] Figure 4C ), suggesting that upon differentiation, ViPSCs form cardiovascular progenitors at higher efficiency than conventional iPSCs or ESCs and this translates into a higher yield of VMs.
ViPSCs exhibit a distinct transcriptional and epigenetic signature
To gain insight into the molecular mechanisms by which ViPSCs preferentially differentiate into VMs, we performed genome-wide gene expression profiling and DNA methylation analyses. We harvested total RNA from three Figure 5A ). We also examined the global pattern of DNA methylation at single nucleotide resolution in the cells using reduced representation bisulfite sequencing (RRBS) [29] . Again, unsupervised hierarchical clustering based on global DNA methylation analysis showed that ViPSCs clustered separately from TiPSCs and ESCs, while overall the pluripotent stem cell lines and the parental somatic cell types clustered separately ( Figure 5B ).
Next we analyzed the transcriptional and epigenetic profiles of ViPSCs for genes that may be playing a role Figure 5C ). By contrast, the overlap between genes overexpressed in TTFs and hypomethylated ViPSCs gene promoters was not significant (P = 0.933). These results suggest that ViPSCs retained an epigenetic signature that facilitates the activation of VM-specific genes. We narrowed the candidate ventricular myogenic genes to 87 genes by identifying the genes whose promoters also had a lower DNA methylation level in VMs relative to TTFs in order to focus on genes whose epigenetic signature was retained from VMs to the ViPSC state (Supplementary information, Table S1 ). This gene list includes the transcription factors Irx4 and Nkx2.5. Irx4 is an Iroquois homeobox transcription factor family that has been reported to activate VM-specific gene expression while suppressing atrial genes [30] . These genes also included some that encode for contractile proteins such as myosin heavy chain 6 (Myh6), myosin light chain 2v (Myl2), cardiac troponin I (Tnni3), and desmin (Des) ( Figure 5D and Supplementary information, Table S1 ). These results demonstrate that a genome-wide transcriptional and epigenetic analysis of ViPSCs can help elucidate genes that play a critical role in the specification of VMs.
Memory in ViPSCs is relatively stable after extensive passaging
It has been reported that the iPSCs from some somatic cell types, including B cell, T cell, skeletal muscle progenitor, and granulocyte, essentially lose their memory after 16 passages [15] , while the iPSCs from other somatic cell types, such as retinal-pigmented epithelial cells [31] appear to retain their memory despite extensive passaging. These results suggest that the origin of the iPSCs may affect the stability of the memory retained by iPSCs. In order to examine the effects of higher passage number on the cardiomyogenic potential in ViPSCs, we cultured them under identical conditions out to high passage numbers and performed FACS analysis using intracellular cTnT staining. At passage 16, the percentage of cTnT + cells from ViPSCs declined while the percentage of cTnT + from TiPSCs and ESC increased slightly; however, even at passage 24, ViPSCs yielded a discernibly higher percentage of cardiomyocytes than either TiPSCs or ESCs (Figure 6A ), which suggests that the memory in ViPSCs is relatively stable.
Discussion
Our findings represent the first report of the generation and characterization of iPSCs from VMs and demonstrate that cardiomyocyte "memory" in iPSCs extends to individual cardiomyocyte subtypes and may be advantageously used to generate large numbers of beating VMs ( Figure 6B ). It remains unclear whether iPSC memory arises primarily from retained DNA methylation marks, histone modifications, or a combination of both [12, 14, 15] . We speculate that the specific epigenetic mechanisms involved as well as the stability of epigenetic "memory" to repeated passaging may vary with each somatic cell type. Analysis of ViPSCs and their parental VMs revealed genes that may play a role in the specification of cardiovascular progenitors and VMs. These genes include transcription factor genes as well as genes that encode contractile proteins and are likely part of the "late cardiomyogenic program". Interestingly, pair-wise comparisons revealed that all ViPSCs possessed a trend of global DNA hypomethylation at sites examined by RRBS (mostly CpG-rich gene promoters) when compared to TiPSCs and a reference ESC line, which was not observed in parental VMs (data not shown). This phenomenon may reflect a transient state in the reprogramming of cardiomyocytes to iPSCs [14] . Alternatively, the mild DNA hypomethylation in ViPSCs may contribute to ventriculogenesis by rendering the epigenome in a more "permissive" state for myogenic gene expression. This hypothesis is consistent with mechanism of action of the DNA demethylating agent, 5-azacytidine, which has been used to induce cardiomyogenic gene expression in Sca-1 + cardiovascular progenitors [32] and human ESCs [26] . Moreover, DNA demethylation has been implicated in the epigenetic regulation of skeletal muscle specification [33, 34] . While a number of significant challenges remain, the findings here suggest that the reprogramming of human VMs to human ViPSCs may be a tractable strategy of deriving large numbers of VMs for cardiac regenerative medicine.
It will be interesting to test whether the iPSCs derived from human VMs also display an increased ventricular myogenic potential as their mouse counterpart. While reprogramming of primary human VMs to iPSCs is technically challenging, a conditional reprogramming strategy similar to the one used in this manuscript can be employed to generate secondary iPSCs from human ESC-or iPSC-derived VMs. Comparison between human iPSCs from VMs and other parental cell types may provide useful information concerning the epigenetic or genetic regulation on ventricular myogenesis from human pluripotent stem cells. Such information may eventually facilitate the development of methods to derive VMs from pluripotent stem cells in an efficient manner.
Materials and Methods
Mouse lines and constructs
The Mlc2v
Cre/+ ; Rosa26 floxYFP/rtTA ; TgMef2c-AHF-dsRed compound transgenic animals were obtained by crossing Mlc2v
Cre/+ ; Rosa26 rtTA/rtTA males with Rosa26 floxFP/floxYFP ; TgMef2c-AHF-dsRed
Cre/+ knock-in mouse line was generated in the lab as described, and Mlc2v
Cre is expressed specifically in VMs [18] .
Rosa26
floxYFP/floxYFP conditional reporter mouse line [19] was purchased from the Jackson Laboratory. Rosa26 rtTA/rtTA mouse line was kindly provided by Dr Konrad Hochedlinger [20] . The TgMef2c-AHF-dsRed transgenic mouse line was generated in the lab as described [22] . The constructs used to produce lentivirus for iPSC derivation were kindly provided by Dr Konrad Hochedlinger [16] .
Production of lentivirus
To produce infectious lentiviral particles, 293FT cells (Invitrogen) were cultured on 10-cm dishes and transfected with the expression vectors together with the packaging plasmids pMD2G and pCMV-dR8.74 with Fugene HD (Roche). The viral particles for each reprogramming factor were produced individually. Viruscontaining medium was harvested on 2 consecutive days 48 h after transfection and used for infection without concentration.
Generation of the primary iPSCs from cardiac fibroblasts
To collect cardiac fibroblasts from neonatal pups, hearts were digested with trypsin (USB) at 4 °C overnight, followed by collagenase type 2 (Worthington) at 37 °C for 30 min, and dissociated by triturating ~10 times. Cardiac fibroblasts were enriched by differential centrifugation and plating. In all, 20 000 cardiac fibroblasts were plated per well on a six-well plate the day before infection. Virus-containing medium was applied on the cells with polybrene (Sigma). Two infections were performed on the cells. At 48 h after infection, the medium was changed to ESC medium with 1 µg/ml doxycycline (Sigma), which was withdrawn in 12 days. The putative iPSCs colonies were picked 2 days later after the withdrawal of doxycycline.
Generation of the secondary iPSCs from ventricular cardiomyocytes and TTFs
The ventricular cardiomyocytes and TTFs from one neonatal chimeric pup were used for the generation of the secondary iPSCs. To collect cardiomyoctes, the heart was digested by trypsin (USB) at 4 °C overnight, followed by collagenase type 2 (Worthington) at 37 °C for 30 min, and dissociated by triturating 10 times. The cardiomyocyte fraction was enriched by differential centrifugation and plating, after which the cardiomyocytes were plated directly on MEF feeder for the derivation of the secondary iPSCs. To collect TTFs, the tail tip was minced in trypsin and cultured with DMEM with 10% FBS for 4 days. The attached TTFs were detached with trypsin and plated on MEF feeder for the derivation of the secondary iPSCs. After the cardiomyocytes and TTFs were plated on MEF feeder, doxycycline was added into the medium to re-induce the expression of the reprogramming transgenes. In 2 weeks, putative iPSC colonies emerged. For the secondary iPSCs from ventricular cardiomyocytes, YFP + colonies were picked for further study. For the secondary iPSCs from TTFs, colonies were picked randomly.
Establishment of Mlc2v
Cre/+ ; Rosa26 floxYFP/rtTA ; TgMef2c-AHF-dsRed compound transgenic ESC lines pellucida was removed with acidic Tyrode's Solution (SigmaAldrich) and the blastocysts were further washed three times with M2 media. The blastocysts were then plated onto MEF feeder cells with ESC derivation medium (DMEM with 15% KOSR, penicillin/streptomycin, sodium pyruvate, nonessential amino acids (NEAA), and leukemia inhibitory factor (LIF) (Chemicon, CA, USA)).
Karyotyping analysis
Karyotyping analysis was performed based on a published protocol [35] . Briefly, iPSCs were treated with 0.02 µg/ml Colcemid (Sigma) for 45-60 min and dissociated with trypsin. Trypsinization was stopped by PBS containing 10% FBS. The dissociated cells were washed with PBS once and incubated with hypotonic solution (0.56% KCl in H 2 O) at room temperature for 10 min. Freshly made Carnoy's fixative (1:3 glacial acetic acid:methanol, v/v) was used to fix the swollen cells for two cycles. Cells in the fixative were dropped on cold glass slides and analyzed under optical microscope. At least 20 cells were counted per line.
Chimera assay
Individual iPSCs/ESCs were microinjected into E3.5 blastocysts from C57Bl/6 females and implanted into the uterus of pseudopregnant CD-1 foster mothers. ViPSCs had been YFP + upon their derivation and were readily visible under fluorescent microscope. To trace the ESCs and TiPSCs, the conditional reporter allele Rosa26 floxYFP was activated by transient expression of an exogenous Cre in the cells before injection. The exogenous Cre was expressed under the control of CMV promoter from a circular DNA plasmid that was introduced into the cells through electroporation. YFP-positive ESCs or TiPSCs were purified through FACS, expanded and subjected to blastocyst injection. The chimeras were categorized based on the contribution of iPSCs or ESCs: type 1 chimeras demonstrated a ≥ 50% contribution to the embryo overall including the heart; type 2 chimeras demonstrated a < 50% contribution overall but a much higher contribution to the heart; and type 3 embryos demonstrated a < 50% contribution overall with an equal or lesser contribution to the heart.
Alkaline phosphatase activity assay
iPSCs were cultured in a medium containing LIF before the assay. On the day of the assay, the medium was removed and the cells were processed with the reagents from the alkaline phosphatase substrate kit (Vector Laboratories).
In vivo teratoma formation
ESCs or iPSCs were allowed to differentiate into EB by growing in suspension culture in the absence of recombinant LIF at 37 °C for 7 days. Two to four EBs were grafted under the kidney capsule of SCID/NOD mice, and groups of mice were sacrificed for analysis 4 weeks after transplantation. Graft acceptance was defined as an increase in diameter to > 5 mm, vascularization, and the lack of leukocyte infiltration and tissue damage, revealed by histology. The readout of transplantation was restricted by 28 days to minimize tumor-associated risks.
In vitro differentiation of iPSCs/ESCs through EB formation
ESCs were cultured for at least two passages and then adapted for EB formation in adaptation medium (IMDM (Invitrogen) with 15% FBS, penicillin/streptomycin, sodium pyruvate, NEAA, and LIF) for 2 days. The adapted cells were digested to individual cells and re-suspended in differentiation medium (IMDM with 15% FBS, penicillin/streptomycin, NEAA, and ascorbic acid) at a concentration of 45 000 cells/ml. Hanging drops containing about 540 000 cells were made with the cell suspension and cultured for 2 days, during which the cells in each hanging drop aggregated to form one EB. EBs were cultured in differentiation medium until the day of analysis.
To enhance the growth of cardiomyocytes, EBs were dissociated with trypsin (Invitrogen) on day 7, and the individual cells were cultured on gelatin with a medium specialized for cardiomyocytes (DMEM/F-12 (Invitrogen), 20% FCS, 5% horse serum, 2 mM L-glutamine, 0.1 M NEAA, 3 mM sodium pyruvate, and 1 μg/ml bovine insulin).
Transcriptional profiling and quantitative RT-PCR
RNA from ESCs/iPSCs, primary VMs, TTFs, or EBs was extracted with RNeasy mini kit (Qiagen). For transcriptional profiling, RNA was converted to complementary RNA (cRNA) and hybridized to the Affymetrix mouse genome 430 2.0 chip. Hybridization results were analyzed with bioinformatics tools available at the website of National Institute of Aging (NIA). The raw data of transcriptional profiling has been deposited to Gene Expression Omnibus (www.ncbi.nlm.nih.gov/geo), and the accession number is GSE32598. For quantitative RT-PCR, cDNA was synthesized with iScript kit (Bio-Rad). Real-time PCR was performed using the I-cycler system with SYBR Green substrate (BioRad) for 40 cycles. Primer sequences are available on request.
Immunofluorescence studies
Antibodies used in this study include antibody against the following proteins: SSEA1 (Hybridoma Bank at Iowa), Nanog (Cosmo Bio), Oct3/4 (Santa Cruz), cardiac Troponin T (NeoMarkers), cardiac Troponin I (Abcam), and Mlc2v (F109.3E1, Biocytex). The cells were fixed with 4% paraformaldehyde (PFA) and blocked with PBS containing 10% FBS. Then the cells were incubated with blocking solution with the primary antibody. Subsequently, samples were incubated with the appropriate secondary antibodies conjugated with Alexa-Fluoro 488 or 594 (Molecular Probes/Invitrogen).
Intracellular FACS
EBs were dissociated with trypsin followed by collagenase A and B. The cells were then fixed with 2% PFA (Sigma), blocked and permeabilized with PBS containing 10% FBS and 0.5% Tween 20. Cells were then incubated with the primary antibody overnight at 4 °C, washed with the blocking solution, and incubated with the secondary antibody for 1 h at room temperature. They were washed with PBS and analyzed with FACSCalibur (BD Biosciences). Antibodies used for intracellular FACS analysis include those against cardiac Troponin T (NeoMarkers) and dsRed (Clontech). Secondary antibodies conjugated with Alexa-660, Alexa-647, or APC (Molecular Probes/Invitrogen) were used.
To collect the cells for RNA extraction, EBs were dissociated as above. The individual cells were fixed with DEPC-treated 75% ethanol, washed with RNase-free PBS, and incubated with the primary antibody against cTnT (NeoMarkers) in PBS containing 1% acetylated BSA (B2518, Sigma 
Electrophysiology
ESCs/iPSCs were differentiated through EB formation and beating areas in day 14-16 EBs were manually dissected. Cells were dissociated with collagenase II (Worthington Biological) and plated on fibronectin-coated coverslips. Patch electrodes were filled with an intracellular solution containing 140 mM potassium gluconate, 10 mM NaCl, 2 mM MgCl 2 , 10 mM HEPES, 1 mM EGTA, 4 mM Mg-ATP, and 0.3 mM Na-GTP pH 7.3, giving resistances of 2-5 MΩ. Spontaneous cardiomyocyte action potentials were recorded at room temperature, in culture medium, using the whole-cell patch clamp method in current clamp mode with an Axopatch 200A amplifier (Axon Instruments/Molecular Devices, Sunnyvale, CA, USA).
Reduced representation bisulfite sequencing (RRBS)
Genomic DNA was isolated from the cells using Purolink Genomic DNA Mini Kit (Invitrogen). RRBS was performed and the sequencing results were analyzed as previously described [36] . Briefly, genomic DNA was digested with methylation-insensitive restriction enzyme MspI and ligated to methylated Illumina adapter. Gel purification was employed to select for the fragments of 40-220 bp, which were subjected to bisulfite conversion. The converted DNA was PCR amplified and used to construct libraries for sequencing. The raw sequencing reads were analyzed and aligned to a mouse genome sequence that had been MspI-digested and size-selected in silico using Maq's bisulfite alignment mode [37] . DNA methylation calling was performed using custom software [38] . Next, we calculated mean DNA methylation levels for all gene promoters that were covered by a minimal number of DNA methylation measurements [36] . Data processing was performed by custom Python (http://python.org/) and R (http://www.r-project. org/) scripts. All data are publicly available for visual browsing and download at http://vipsc-memory.computational-epigenetics.org.
Statistical analysis
t-test was used for the comparisons between ESCs, ViPSCs, and TiPSCs unless otherwise indicated. The analysis was performed with Microsoft Excel and the difference was considered statistically significant when P < 0.05. The χ 2 -test was used to compare the distribution of the various chimera types between the chimeras from ESCs, ViPSCs, and TiPSCs. The difference was considered statistically significant when P < 0.05. Fisher's exact test was used to assess the overlapping between the genes specifically expressed in VMs and the hypomethylated gene promoters in ViPSCs. We compared gene expression profiles in VM and TTF (measured by Affymetrix mouse 430 2.0 arrays), and genes with > 5-fold enrichment of expression in VM relative to TTF were included as "VMspecific genes". The promoters with a significantly lower DNA methylation level in ViPSCs relative to TiPSCs (P Value (t-test) < 5.0e-03, n = 3 and a minimum RRBS coverage > 5 reads) are called as "hypomethylated gene promoters in ViPSCs", the list of which is used to generate Venn diagrams in Figure 4C . The χ 2 and Fisher's exact tests were performed with R (http://www.r-project. org/).
